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The mechanisms underlying fetal lung injury remain poorly defined. MicroRNAs (miRNAs) are small noncoding, endogenous
RNAs that regulate gene expression and have been implicated in the pathogenesis of lung disease. Using a nonhuman primate
model of choriodecidual infection, we sought to determine if differentially expressed miRNAs were associated with acute fetal
lung injury. After inoculating 10 chronically catheterized pregnant monkeys (Macaca nemestrina) with either group B strepto-
coccus (GBS) at 1 � 106 CFU (n � 5) or saline (n � 5) in the choriodecidual space, we extracted fetal lung mRNA and miRNA and
profiled the changes in expression by microarray analysis. We identified 9 differentially expressed miRNAs in GBS-exposed fetal
lungs, but of these, only miR-155-5p was validated by quantitative reverse transcription-PCR (P � 0.02). Significantly elevated
miR-155-5p expression was also observed when immortalized human fetal airway epithelial (FeAE) cells were exposed to proin-
flammatory cytokines (interleukin-6 [IL-6] and tumor necrosis factor alpha [TNF-�]). Overexpression of miR-155-5p in FeAE
cells in turn increased the production of IL-6 and CXCL10/gamma interferon-induced protein 10, which are implicated in leuko-
cyte recruitment but also in protection from lung injury. Interestingly, while miR-155-5p decreased fibroblast growth factor 9
(FGF9) expression in a luciferase reporter assay, FGF9 levels were actually increased in GBS-exposed fetal lungs in vivo. FGF9
overexpression is associated with abnormal lung development. Thus, upregulation of miR-155-5p may serve as a compensatory
mechanism to lessen the increase in FGF9 and prevent aberrant lung development. Understanding the complicated networks
regulating lung development in the setting of infection is a key step in identifying how to prevent fetal lung injury leading to
bronchopulmonary dysplasia.

The majority of preterm births at less than 28 weeks of gesta-
tional age are associated with chorioamnionitis, an inflamma-

tion of the fetal membranes due to bacterial infection (1). Chorio-
amnionitis may contribute to fetal lung injury and increase the
risk of development of bronchopulmonary dysplasia (BPD), a
type of neonatal chronic lung disease (2). Changes in microRNA
(miRNA) expression have previously been associated with BPD in
mouse and rat models and have also been known to play impor-
tant roles in inflammation and immune response pathways (3–5).
miRNAs are small noncoding RNAs, 18 to 24 nucleotides in
length, that regulate the expression of target genes at the posttran-
scriptional level by binding to their target mRNAs (6). Similar to
protein-coding mRNAs, miRNA expression levels are highly reg-
ulated by both transcriptional and posttranscriptional mecha-
nisms (7). The effects of intrauterine infection on fetal lung
miRNA expression profiles and the subsequent downstream tran-
scriptional/translational regulatory effects on lung development
are unknown. We hypothesized that intrauterine infections affect-
ing the fetal lung may involve differential (miRNA) expression
that contributes to early pathways leading to lung injury. The ul-
timate goal of this study was to discover potential miRNA targets
involved in fetal lung injury that could be antagonized to help
prevent BPD, for which there are currently no effective therapies.

The group B streptococcus (GBS) is a Gram-positive bacte-
rium that is generally beta-hemolytic and frequently associated
with neonatal lung injury (8–10). Our previous studies using a
pregnant nonhuman primate model revealed that early choriode-
cidual GBS infection elevated inflammatory cytokine levels in the

amniotic fluid (AF) and induced fetal lung injury (11, 12). Inter-
estingly, despite observations of fetal lung injury and preterm la-
bor (in some cases), bacteria did not translocate into AF or fetal
tissues in any of the GBS-infected animals (12). However, differ-
ential gene expression was observed in the injured fetal lungs of
GBS-infected animals and included the downregulation of path-
ways involved in angiogenesis and morphogenesis (11). Despite
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these observations, it is unclear if master regulators, such as
miRNAs, contribute to the changes in gene expression observed in
early fetal lung injury.

In this study, we investigated whether changes in miRNA ex-
pression are associated with GBS infection-associated fetal lung
injury. Our first aim was to detect differentially expressed miRNAs
targeting mRNA genes in the fetal lung in a unique nonhuman
primate model. Our second aim was to elucidate potential signal-
ing pathways that induce differential miRNA expression in the
fetal lung. Finally, we sought to assess if overexpression of differ-
entially expressed fetal lung miRNA was associated with increased
inflammatory cytokine production that may play a role in fetal
injury.

MATERIALS AND METHODS
Ethics statement, animals, and study design. This study was carried out
in strict accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Research Council (13) and
the Weatherall report, The Use of Non-Human Primates in Research (14).
The protocol was approved by the Institutional Animal Care and Use
Committee of the University of Washington (permit number 4165-01).
All surgery was performed while the animals were under general anesthe-
sia, and all efforts were made to minimize suffering. A description of the
chronically catheterized pregnant nonhuman primate model of chorio-
decidual GBS infection, including details on animal care, analgesia, sur-
gery, fetal euthanasia and necropsy, and fetal lung pathology and scoring,
has been previously reported (12, 15). Briefly, 10 chronically catheterized
pregnant nonhuman primates (Macaca nemestrina) at 118 to 125 days of
gestation (term � 172 days) received one of two experimental treatments:
(i) choriodecidual and intra-amniotic fluid saline infusions (the saline
control group, n � 5) or (ii) GBS choriodecidual inoculations (the GBS
group; n � 5). Both choriodecidual and intra-amniotic fluid saline infu-
sions were used to confirm that neither inoculation was associated with
increased AF cytokine levels and were described previously (12). Intra-
amniotic fluid pressure was continuously recorded, digitized, and ana-
lyzed as reported previously (12). Preterm labor was defined as an intra-
amniotic fluid pressure of 10,000 mm Hg · s/h in association with a change
in cervical effacement or dilation. The endpoint for the experiments (i.e.,
cesarean section for tissue collection and delivery by cesarean section for
fetal necropsy) was preterm labor or 4 days after GBS inoculation if no
preterm labor was observed. AF and fetal blood were collected for cyto-
kine analysis during the course of the experiment, and all fetal organs were
harvested at necropsy. Fetal lungs were examined by a board-certified
veterinary pathologist who was blinded to the group assignment. Lung
histologic sections were evaluated and scored using a semiquantitative
scale, as reported previously (12). Components were scored on a scale
ranging from 0 to 4 (where 0 is normal) for inflammatory cells, necrosis,
and inflammation, including tissue thickening, collapse, or other injury
(e.g., fibrin exudation). The lung compartments scored were (i) the vas-
cular/perivascular region, (ii) the bronchial/peribronchial region, and
(iii) the alveolar wall, and (iv) the trichrome stain intensity of the lung was
also determined. Mononuclear inflammatory cells and neutrophils
(which were stained with Leder stain) within alveolar spaces in 5 random
�40 magnification fields were counted. An overall severity score was gen-
erated as previously described (12). These data were previously reported
(12) and are also shown in Table S1 in the supplemental material.

The preparation of GBS for inoculation into the animals was previ-
ously described (12). Briefly, the GBS clinical isolate belonging to the
hypervirulent ST-17 clone, capsular serotype III, strain COH-1, was used
(16, 17). The COH-1 strain was grown to mid-log phase, and 1 � 106 CFU
in phosphate-buffered saline (PBS) was inoculated into the choriode-
cidual space, as reported previously (12).

RNA extraction from fetal lung tissue and microarray processing.
RNA extraction from fetal lung tissue was performed by the Center on

Human Development and Disability Genomics Core utilizing the manu-
facturer’s established protocols for the miRNeasy kit (Qiagen, Valencia,
CA). RNA quantity and purity were measured with a NanoDrop 8000
spectrophotometer (Thermo Scientific, Waltham, MA), and quality was
assessed with an Agilent 2100 bioanalyzer (Agilent Technologies, Santa
Clara, CA). Five hundred nanograms of total RNA from each sample was
processed for miRNA array analysis. Processing of the RNA samples for
the Affymetrix GeneChip miRNA (version 2.0) array was performed ac-
cording to the standard protocol recommended by the manufacturer
(Affymetrix). Hybridized Affymetrix arrays were scanned with an Af-
fymetrix GeneChip 3000 fluorescent scanner. Image generation and fea-
ture extraction were performed using Affymetrix GeneChip command
console software. The choice of Affymetrix miRNA platform was based on
the significant conservation of miRNA species between humans and ma-
caques (18).

miRNA array analysis. Raw microarray data were preprocessed and
analyzed with Bioconductor software (http://www.bioconductor.org/)
(19). The data were quantile normalized and summarized using the Bio-
conductor oligonucleotide package. From the normalized data, miRNA
transcripts with significant evidence for differential expression were iden-
tified using the limma package in Bioconductor. P values were calculated
with a modified t test in conjunction with an empirical Bayes method to
moderate the standard errors of the estimated log fold changes. Differen-
tially expressed miRNA transcripts were selected by use of an unadjusted
P value of �0.05 and an absolute fold change of �1.5.

We excluded one saline control sample from the analysis because this
sample was quite different from all other saline samples, as shown in a
principal component analysis (see saline sample 3 in Fig. S1 in the supple-
mental material). We tried using a weighted analysis to account for
the differences, but we obtained rather different results when we excluded
the sample, which indicates that it had an outsized effect when included in
the analysis.

To determine if miRNA expression between the GBS group and the
saline group correlated with previously published histopathologic lung
severity scores (12), differentially expressed miRNA transcripts were com-
pared to the histopathological lung scores by fitting a two-factor analysis
of variance model using the limma package of Bioconductor.

IPA. We used the microRNA target filter feature of the Ingenuity
Pathway Analysis (IPA) software (Ingenuity Systems) to determine the
predicted mRNA targets of the differentially expressed microRNAs, using
the default filter settings. The default settings utilize predicted targets
from several databases, including TargetScan, TarBase, miRecords, and
Ingenuity Expert Findings. We have previously published mRNA mi-
croarray data associated with these experiments, and these are available
through Gene Expression Omnibus (GEO) series accession number
GSE39029. The microRNA data reported here and the aforementioned
mRNA array data were derived from the same samples. We also uploaded
our previously published mRNA array data set to the IPA website. This
approach allowed us to use IPA’s microRNA/mRNA expression pairing
function to identify those predicted targets in our mRNA data set that
were also differentially expressed (those with a �1.5-fold change in ex-
pression between GBS and saline groups with a P value of �0.05).

Validation of cDNA microarray by quantitative RT-PCR (qRT-
PCR). Reverse transcription (RT) was performed using a TaqMan
MicroRNA RT kit (Life Technologies, Carlsbad, CA) following the man-
ufacturer’s established protocol for multiplex RT for TaqMan MicroRNA
assays. After reverse transcription was completed, real-time PCR was car-
ried out on an ABI Prism 7900 sequence detection system (Life Technol-
ogies), and U6 snRNA was used as an endogenous control to normalize
microRNA quantitation.

Cells. CCD-1142 human fetal airway epithelial (FeAE) cells (ATCC
CRL-2997) were propagated in keratinocyte serum-free medium (Life
Technologies) supplemented with 0.05 mg/ml bovine pituitary extract, 5
ng/ml human recombinant epidermal growth factor, and 0.1 mg/ml
G-418 (Cellgro). HeLa cells (ATCC CCL-2) were maintained in Dulbecco
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modified Eagle medium supplemented with glutamine, 10% fetal bovine
serum, and penicillin-streptomycin.

miR-155 expression following cytokine treatment. Confluent CCD-
1142 FeAE cells were treated with recombinant human interleukin-1�
(IL-1�), IL-6, IL-8, or tumor necrosis factor alpha (TNF-�) at 0.1, 1, 3, 10,
and 30 ng/ml. After 24 h, total RNA was isolated from these and untreated
cells using a mirVana miRNA isolation kit (Life Technologies) and as-
sessed using a NanoDrop 1000 spectrophotometer (Thermo Scientific).
The levels of miR-155 and U6 snRNA were measured by qRT-PCR with
TaqMan microRNA assays (assays 002623 and 001973; Applied Biosys-
tems) that were run according to the manufacturer’s protocol on an
iCycler thermal cycler (Bio-Rad). Each data point represents the average
change in miR-155-5p expression observed in three pairs of cytokine-
treated samples versus untreated samples. The U6 snRNA expression in
each sample was used to normalize for RNA input. qRT-PCRs on each
sample were run in duplicate. A Wilcoxon signed-rank test was performed
to test for statistical significance.

miR-155 transfection and cytokine analysis. CCD-1142 FeAE cells at
70% confluence were transfected with miRIDIAN hsa-miR-155-5p or
negative control 1 (NC1) mimics (catalog numbers C-300647-05 and CN-
001000-01, respectively; Thermo Scientific) at the concentrations indi-
cated below using the Lipofectamine RNAiMAX reagent (Life Technolo-
gies) according to the manufacturer’s protocol. Twenty-four hours later,
the tissue culture medium was collected from the cells and cellular debris
was pelleted and removed by a 5-min centrifugation at 250 � g. The tissue
culture medium was subjected to a 30-plex Procarta immunoassay (cata-
log number PC0015; Affymetrix), and enzyme-linked immunosorbent
assays (ELISAs) were used to confirm the expression of C-C chemokine
ligand 5 (CCL5), C-X-C motif chemokine 10 (CXCL10), and IL-6 in
subsequent experiments (duo sets CCL5-DY278, CXCL10-DY266, and
IL-6 –DY206, respectively; R&D Systems).

Plasmid construction and luciferase reporter assays. Eukaryotic
RNA was purified from CCD-1142 cells using the mirVana miRNA isola-
tion kit and the total RNA isolation protocol (Life Technologies). One
microgram of purified RNA was used to synthesize cDNA using Super-
Script III reverse transcriptase (Invitrogen, Carlsbad, CA). The 3= untrans-
lated region (UTR) of the gene for fibroblast growth factor 9 (FGF9) was then
amplified using Phusion high-fidelity DNA polymerase (New England Bio-
Labs [NEB], Ipswich, MA) and primers specific for FGF9 (forward primer
5=-CAAAGACAGTTTCTTCACTTGAG-3=, reverse primer 5=-TATGTATT
AATGTCTCAAAACTTTTGAC-3= (Sigma-Aldrich, St. Louis, MO). A PCR
product of the expected size (3,066 bp) was purified after agarose gel electro-
phoresis using a GeneJET PCR purification kit (Thermo Scientific). 3= A
overhangs were added to the PCR product using Taq polymerase (NEB), and
the PCR product was cloned into the pCR 2.1-TOPO vector according to the
manufacturer’s protocol (Life Technologies) and transformed via electropo-
ration into ElectroMAX DH5�-E cells following the manufacturer’s guide-
lines (Life Technologies). Insertion of the FGF9 PCR product was con-
firmed by sequencing (Genewiz, South Plainfield, NJ), and its orientation
was confirmed by restriction enzyme digestion. The resulting pCR2.1
plasmid carrying the FGF9 3=UTR was digested with SacI and XbaI (NEB
and Thermo Scientific), and the resulting FGF9 3=UTR insert was purified
using the GeneJET gel extraction kit. The pmirGLO vector was linearized
using XbaI (Thermo Scientific) and SacI (NEB) and gel purified according
to the protocol supplied with the GeneJET gel extraction kit (Thermo
Scientific). The pmirGLO fragment was then ligated with the FGF9 3=
UTR insert using T4 DNA ligase (Thermo Scientific) and transformed via
electroporation into ElectroMAX DH5�-E cells following the manufac-
turer’s guidelines (Invitrogen). Restriction enzyme digestion (HindIII
[Thermo Scientific], PmeI [NEB], DraIII [NEB], HpaI [NEB]) and DNA
sequencing (Genewiz) were used to confirm the presence of the FGF9 3=
UTR in the pmirGLO plasmid.

HeLa cells were seeded at 1.2 � 104 cells per well in 100 �l in a 96-well
plate and allowed to reach 90% confluence before transfection. Transfec-
tions were performed with the Lipofectamine LTX reagent with the Plus

reagent according to the manufacturer’s protocol (Life Technologies).
One hundred nanograms of plasmid pmirGLO carrying the FGF9 3=UTR
or the pmirGLO control plasmid was used for each well. Transfections
were performed in triplicate. In addition to the reporter plasmids, cells
were incubated with 100 nM miR-155 or a nonspecific microRNA (Dhar-
macon, Lafayette, CO) with or without a microRNA inhibitor. Luciferase
assays were performed approximately 24 h after transfection using a Dual-
Glo luciferase kit (Promega, Fitchburg, WI) per the manufacturer’s in-
struction. Luminescence was measured using a Victor3 multilabel plate
reader (PerkinElmer).

Immunohistochemistry of fetal lung tissues. Immunohistochemis-
try staining for FGF9 was performed using a rabbit polyclonal FGF9 pri-
mary antibody (1:1,000 dilution; catalog number ab71395; Abcam, Cam-
bridge, MA) and a normal rabbit IgG isotype control (1:200 dilution;
catalog number I-2000; Vector Laboratories). First, the slides were baked
for 30 min at 60°C and deparaffinized on a Leica Bond automated immu-
nostainer (Leica Microsystems, Buffalo Grove, IL). Antigen retrieval was
performed by placing the slides in heat-induced epitope retrieval (HIER)
citrate buffer for 20 min at 100°C. Blocking consisted of 10% normal goat
serum in PBS for 20 min at room temperature. Either the primary anti-
body (rabbit anti-FGF9) or a rabbit isotype IgG control in Leica primary
antibody diluent was applied for 30 min at room temperature. Next, a
secondary antibody, goat anti-rabbit immunoglobulin horseradish per-
oxidase-polymerized secondary antibody (8 �g/ml), was applied for 8
min at room temperature. Antibody complexes were visualized using
Leica Bond mixed refine (diaminobenzidine) detection 2 times for 10 min
each time at room temperature. Tissues were counterstained with hema-
toxylin counterstain for 4 min, followed by two rinses in H2O. Unless
otherwise specified, all reagents were obtained from Leica Microsystems.

Microarray data accession number. The miRNA microarray data are
available through the GEO database under series accession number
GSE60628 (20).

RESULTS
miR-155 is induced in the fetal lung following GBS choriode-
cidual infection. Our previous studies indicated that early chorio-
decidual GBS infection resulted in fetal lung injury that was asso-
ciated with the infiltration of inflammatory cells and changes in
gene expression in the fetal lung (11, 12). To determine if fetal
lung injury was also associated with changes in miRNA expression
in the fetal lung following choriodecidual GBS infection, total
RNA was isolated from the fetal lung and miRNA expression was
measured using human Affymetrix miRNA (version 2.0) microar-
rays. We observed differential expression (at least 1.5-fold with a P
value of �0.05; Table 1) in 9 out of 1,100 probe sets (6 were
upregulated, 3 were downregulated) in the fetal lung of GBS-in-
fected animals relative to the fetal lung of the saline-treated con-

TABLE 1 The 9 differentially regulated miRNAs identified by miRNA
arraya

miRNA name Log2 fold change P value

hsa-miR-615-3p 0.59 0.002
hsa-miR-769-3p 0.79 0.015
hsa-miR-155-5p 0.70 0.026
hsa-miR-422a 0.64 0.042
hsa-miR-193a-3p 0.94 0.045
hsa-miR-146b-5p 1.70 0.045
hsa-miR-1225-5p 	0.79 0.049
hsa-miR-4324 	0.82 0.011
hsa-miR-514b-5p 	0.60 0.022
a The miRNAs were considered differentially up- or downregulated 1.5-fold when the P
value for changes in expression was �0.05. The prefix “hsa” indicates Homo sapiens.
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trols. Significantly upregulated miRNAs included miR-146b-5p,
miR-155-5p, miR-193a-3p, miR-422a, miR-615-3p, and miR-
769-3p, whereas miR-1225-5p, miR-4324, and miR-514b-5p were
downregulated.

To validate these changes in miRNA expression, we performed
qRT-PCR. Of the 9 miRNAs differentially expressed on microar-
ray analysis, only the levels of miR-155-5p were significantly
(P � 0.02) elevated in the lungs of GBS-exposed fetuses compared
with the levels in the controls. The log2 intensity of miR-155-5p on
the array was significantly positively correlated with the fetal lung

score (R2 � 0.55, P � 0.02), the AF IL-1� level (R2 � 0.71, P �
0.004), and the AF TNF-� level (R2 � 0.59, P � 0.02) (Fig. 1).
These results illustrate that miR-155-5p expression in the fetal
lung is upregulated following choriodecidual GBS exposure and
that elevated miR-155-5p levels correlate with fetal lung injury.

miR-155-5p expression is regulated by IL-6 and TNF-� treat-
ment in the airway epithelia. To test our hypothesis that fetal lung
exposure to inflammatory cytokines present in AF during a cho-
riodecidual infection could upregulate miR-155-5p, we used a cell
line derived from human fetal lungs to model conditions in the
fetal lung in vitro. We treated CCD-1142 FeAE (E6/E7) cells (21)
with a range of concentrations of IL-1�, IL-6, IL-8, and TNF-�
(0.1 to 30 ng/ml). After 24 h, total RNA was isolated from these
cells, and the levels of miR-155-5p were measured by qRT-PCR.
Across multiple experiments, we observed significant increases in
miR-155-5p expression relative to that in the untreated controls
following treatment with 1 and 3 ng/ml of TNF-� or IL-6 (Fig. 2).
The results of these experiments provide support for the hypoth-
esis that the inflammatory cytokines present in the AF following
choriodecidual GBS infection may influence the increased expres-
sion of miR-155-5p in fetal cells.

miR-155-5p expression in FeAE cells induces CCL5/RANTES,
CXCL-10/IP-10,andIL-6production.Having observed that inflam-
matory cytokines regulate miR-155-5p expression in FeAE
cells, we next sought to determine the biological function of
miR-155-5p in this cell type. FeAE cells were transfected with a
synthetic miR-155-5p mimic or a scrambled miRNA mimic
control. After 24 h, the tissue culture medium was collected
from the transfected cells and the levels of cytokines in the
medium were measured using either multiplexed immunoas-
says or ELISAs. We initially screened for changes in the expres-
sion of 30 different cytokines following miR-155-5p transfec-
tion and found increased levels of IL-6, CCL5/RANTES (also
known as regulated upon activation, normal T cell expressed
and secreted [RANTES]) and CXCL10 (also known as gamma
interferon-induced protein 10 [IP-10]) (data not shown). Sub-
sequent ELISAs confirmed that IL-6, CCL5/RANTES and
CXCL10/IP-10 levels in the tissue culture medium were signif-
icantly elevated in a dose-dependent manner for cells trans-

FIG 1 Correlation of fetal lung miR-155-5p expression on the array with fetal
histopathologic lung score (A; R2 � 0.55, P � 0.02), AF peak IL-1� level (B;
R2 � 0.71, P � 0.004), and AF peak TNF-� level (C; R2 � 0.59, P � 0.02).

FIG 2 Relative miR-155-5p expression in FeAE cells treated with inflamma-
tory cytokines. The relative expression of miR-155-5p in CCD-1142 FeAE cells
treated with IL-6 and TNF-� (1, 3 ng/ml) for 24 h versus that in untreated cells,
as measured by qRT-PCR, is shown. Each bar plot represents results from 6
pairs of biological replicates for each data point. Asterisks indicate cytokine
treatments where the miR-155-5p levels were significantly different (*,
P � 0.05; **, P � 0.015) by the Wilcoxon signed-rank test. The y axis indicates
the fold change between cytokine-treated and untreated cells.
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fected with miR-155-5p but not in cells transfected with the
scrambled miRNA mimic (Fig. 3).

Putative and validated mRNA targets by IPA. We next inves-
tigated the putative and validated mRNA targets of miR-155-5p
using the IPA microRNA target filter feature to gain insight into
the pathogenesis of fetal lung injury or repair (Fig. 4). In a previ-
ously published mRNA array study, we identified 335 mRNAs to
be differentially expressed in the GBS-treated animals compared
to the saline controls (11). When we compared miR-155-5p pre-
dicted mRNA targets with the 335 differentially expressed
mRNAs, we discovered that they had 11 mRNAs in common, and
these are shown in Table 2. These mRNA targets included BIN2
(bridging integrator 2), CD38 (cluster of differentiation 38),
DOK6 (docking protein 6; also targeted by miR-193a-3p), F13A1
(coagulation factor XIII, A1 polypeptide; also targeted by miR-
769-3p), FGF9 (fibroblast growth factor 9), GPR65 (G protein-
coupled receptor 65), LAT2 (linker for activation of T cells family,
member 2), MARC1 (mitochondrial amidoxime reducing com-
ponent 1), MPEG1 (macrophage expressed 1), SCN1A (sodium

channel, voltage-gated, type 1 alpha subunit; also targeted by miR-
193a-3p), and SPI1 (spleen focus-forming virus proviral integra-
tion oncogene). DOK6, FGF9, and MARC1 were all downregu-
lated, while the remaining genes were upregulated. FGF9 is of
particular interest, because it was previously shown to influence
lung development by regulating mesenchymal growth and in-
duces distal epithelial branching (22).

FGF9 is an mRNA target of miR-155-5p. Bioinformatics anal-
ysis using Target Scan indicated that the 3=UTR of FGF9 contains
several predicted miR-155-5p binding sites. We therefore sought

FIG 3 Cytokine production by FeAE cells following miR-155-5p transfection.
CCD-1142 FeAE cells were transfected with the indicated concentration of
miR-155-5p or a scrambled miRNA control (NC1). After 24 h, the medium
was collected from the transfected cells and the levels of CCL5/RANTES (A),
CXCL10/IP-10 (B), and IL-6 (C) were measured by ELISA. Asterisks indicate
statistically significant differences between miR-155-5p- and scrambled
miRNA control-treated cells at a given miRNA concentration (**, P � 0.05,
***, P � 0.01, ****, P � 0.0001) by Student’s t test. Error bars indicate SEMs.

FIG 4 IPA-predicted gene targets of miR-155-5p. The genes shown were fil-
tered for interactions reported in humans only. The color intensity represents
the average of the log2 fold change, with brighter colors representing a more
significant difference between the GBS and control groups. Symbols represent
the molecular functions described in the key.

TABLE 2 Intersection of the 11 predicted gene targets of miR-155-5pa

Gene symbol Log2 fold change P value

BIN2 0.89 0.018
CD38 1.47 0.040
DOK6 	0.70 0.001
F13A1 1.20 �0.001
FGF9 	0.66 0.016
GPR65 1.22 0.012
LAT2 1.05 0.034
MARC1b 	0.62 0.005
MPEG1 0.69 0.030
SCN1A 0.90 0.032
SPI1b 0.68 0.008
a The mRNA array genes previously published are described in reference 11.
b Genes that have previously been experimentally validated to be targets of miR-155-5p.
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to verify that FGF9 is a target of miR-155-5p by constructing a
luciferase reporter plasmid containing the FGF9 3= UTR. We ob-
served a significant reduction in luciferase activity (P � 0.05) after
cotransfection of the luciferase reporter plasmid and miR-155-5p
mimics (Fig. 5). In contrast, no change in luciferase activity was

observed in cells cotransfected with miR-155-5p and the parental
luciferase reporter plasmid that did not include the FGF9 3=UTR
or when nonspecific microRNA was transfected along with the
reporter plasmid containing the FGF9 3=UTR. The addition of an
inhibitor specific to miR-155-5p to the cotransfection of the lucif-
erase reporter plasmid and miR-155-5p restored luciferase activ-
ity. While the decrease in luciferase expression was modest
(�25%), this decrease was not observed in controls and the level
of repression was similar to the levels of repression reported for
other miRNAs (23). These results indicate that the FGF9 3= UTR
contains an miR-155-5p regulatory element.

Immunohistochemistry for FGF9 expression in fetal lung.
Based on the findings presented above, we investigated FGF9 ex-
pression in the GBS-infected fetal lungs using immunohistochem-
istry. Lungs from GBS-infected fetuses displayed a multifocal,
widely distributed pattern of alveolar wall staining that intensified
in inflammatory foci (Fig. 6). This staining pattern contrasted
with that of the lungs from the saline control fetuses, where alve-
olar wall staining was mildly to minimally present and inflamma-
tory foci were nonexistent.

DISCUSSION

Although some factors are known to be associated with the devel-
opment of BPD, defining the early biological events in fetal lung
injury has remained elusive (24–26). We have identified a single
miRNA, miR-155-5p, to be a biomarker of fetal lung injury. miR-
155 is an evolutionarily well conserved miRNA that is expressed

FIG 5 Luciferase reporter assays demonstrating that the FGF9 3= UTR is an
miR-155-5p target. HeLa cells were cotransfected with a luciferase reporter
plasmid containing the FGF9 3= UTR and miR-155-5p or nonspecific (NC)
microRNA (100 nM) with or without an miR-155-5p-specific inhibitor. Con-
trols included HeLa cells cotransfected with a control luciferase reporter plas-
mid and either miR-155-5p or nonspecific microRNA (100 nM). The data
represent the mean 
 SEM fold change in luciferase activity relative to that for
the untreated controls from four independent experiments performed in trip-
licate.

FIG 6 Immunohistochemical staining for FGF9 in the lungs of a saline control fetus (A) and GBS-exposed fetuses (B, C) and in a negative control treated with
a rabbit IgG antibody (D). The two panels for different GBS-exposed fetuses are shown to demonstrate FGF9 staining (brown foci) in an area within a dense
multicellular inflammatory focus (outlined by arrows in panel C) and in another animal with a less distorted lung architecture but with ample FGF9 staining and
scattered inflammatory cells (arrows) associated with focally thickened alveolar walls (B).
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primarily in cells of hematopoietic origin and plays a critical role
in both innate and adaptive immune responses (7). Proinflamma-
tory mediators (IL-1�, TNF-�, and Toll-like receptors) and
monocytes/macrophages can also induce miR-155-5p expression
(27, 28). As one of the most well characterized miRNAs, miR-
155-5p has more than 140 experimentally validated mRNA tar-
gets, including many key regulators of the inflammatory response
(i.e., SHIP1, MYD88, FADD, INPP5D, SOCS1) (7, 29–31). A dual
role for miR-155-5p as both an inhibitor and a mediator of in-
flammation has been described previously and is consistent with
our data (7, 30, 31).

Our data suggest that miR-155-5p may have a protective effect
on the fetal lung through the induction of CCL5/RANTES and
targeting of FGF9. CCL5/RANTES is chemotactic for both mono-
cytes and neutrophils and has a particularly strong effect on neu-
trophil chemotaxis in the murine lung (32–34) Interestingly,
CCL5/RANTES was one of the few proteins associated with a re-
duced risk of both mild/moderate and severe BPD in infants born
prior to 28 weeks of gestation in the ELGAN study (34). CCL5/
RANTES has also been shown to have protective effects on organ
injury in some animal models (35, 36). Our results also suggest
that GBS choriodecidual infection leads to an increase in FGF9
expression in the fetal lungs within 4 days after inoculation. In this
context, overexpression of miR-155-5p in the fetal lung may serve
as a compensatory mechanism to dampen FGF9 expression to
prevent aberrant lung development associated with overexpres-
sion (37–39). The upregulation of miR-155 in normal lung hu-
man fibroblasts has also been demonstrated to target another
member of the fibroblast growth factor family, FGF7, which is
involved in early lung organogenesis (40, 41). Like FGF9, the over-
expression of FGF7 is associated with aberrant lung development,
specifically, development of cystadenomatoid malformations
(42). Targeting of the fibroblast growth factor (FGF) pathway
(e.g., FGF9 and FGF7 mRNA silencing) by miR-155-5p may be
beneficial as a normalizing force on FGF expression. Thus, miR-
155-5p may have an important beneficial effect on the developing
fetal lung through the induction of CCL5/RANTES and targeting
of FGF9 and FGF7.

miR-155-5p may also have a detrimental effect on the fetal lung
through the stimulation of IL-6 and CXCL10/IP-10, which are
linked to inflammation and other lung diseases (CXCL10/IP-10)
(43, 44). While the level of induction of miR-155-5p expression in
FeAE cells following treatment with any one cytokine was modest,
ranging from 2- to 3-fold, the combined effect of elevated levels of
multiple proinflammatory cytokines may contribute to a larger
increase in vivo. IL-6 is a potent stimulator of monocyte che-
motaxis and induces differentiation to macrophages (45). In our
model, we have previously reported an increased number of mac-
rophages within the fetal lung interstitium and neutrophils in fe-
tuses exposed to GBS (11). CXCL10/IP-10 is an angiostatic
chemokine that is significantly upregulated in the preterm lamb
fetal lung following lipopolysaccharide inoculation into the AF;
studies report elevated levels of IP-10 in many different lung dis-
eases (44, 46). Other microbes have also been shown to induce
miR-155-5p in the fetal/neonatal lung. For example, staphylococ-
cal enterotoxin B exposure (SEB) induced miR-155-5p lung ex-
pression in mice, resulting in acute lung injury (47). Interestingly,
mice deficient in miR-155-5p had reduced lung inflammation fol-
lowing SEB exposure compared to wild-type animals, suggesting

that miR-155-5p was detrimental to the adult lung in a murine
model exposed to a different pathogen.

As miR-155-5p is expressed in the fetal lung and has previously
been shown to be regulated by cytokines (28), we hypothesize that
fetal lung exposure to inflammatory cytokines present in AF dur-
ing a choriodecidual infection upregulates miR-155-5p. The AF is
in direct contact with the fetal lungs due to normal swallowing in
utero, which has been reported to start to occur at as early as 11
weeks of gestation (48). Although we did not measure AF and fetal
lung fluid dynamics, we speculate that AF cytokines migrated to
fetal lung fluid based on studies demonstrating bidirectional flow
across the trachea in humans under normal conditions and the
movement of iron dextran from the intra-amniotic fluid into the
fetal lungs with normal fetal breathing (49, 50). Induction of miR-
155-5p expression through exposure to AF cytokines could then
contribute to a protective or inflammatory response in the path-
way of lung injury.

A major strength of the study lies in the many similarities in
lung development and immune function between the nonhuman
primate and human neonate. The pulmonary morphological and
immune features of our nonhuman primate emulate those of hu-
mans but differ from those of many other species (51). Both hu-
mans and nonhuman primates lack pulmonary intravascular
macrophages present in the lungs of many species (e.g., sheep,
cattle, pigs), which tend to concentrate toxins and bacteria in the
lungs. In contrast, humans and nonhuman primates localize bac-
teria and toxins in the liver and spleen, which makes their lungs
less susceptible to injury than other species (52). There are also
many similarities to human pregnancy, including a singleton fetus
with a long gestational period, hemomonochorial placentation,
and sensitivity to specific pathogens and pathogen-associated mo-
lecular patterns (e.g., lipopolysaccharide). Our animal model of
infection-associated fetal lung injury also shares similar histo-
pathologic characteristics with BPD, a chronic lung disease char-
acterized by disrupted alveolar development, large airways with
inflammation, interstitial fibrosis, and impaired pulmonary an-
giogenesis (53, 54). The stages of lung development in the nonhu-
man primate mimic that in the human, which makes it an ideal
species to model human fetal lung injury (55).

The main study limitation is our modest sample size, which
was necessary for ethical reasons (e.g., conservation of nonhuman
primates), as well as the expensive nature of the studies (�$22,000
per animal). Another limitation is that miRNA transfection over-
expresses miRNA relative to its natural levels. Interestingly, simi-
lar to the findings of our miR-155-5p transfection experiments,
we also observed induction of CCL5/RANTES and CXCL10/IP-10
mRNA in the nonhuman primate fetal lung following an in vivo
GBS infection in a previous study (11). Another limitation, as well
as a study strength, is that our results reflect those for an early or
limited choriodecidual infection. The gestational timing and the
degree and duration of inflammation in our model (which in-
cluded inflammation resulting from both maternally cleared cho-
riodecidual infections and mild, persistent choriodecidual infec-
tions) may have impacted the differential expression of miRNA
and mRNA genes. By performing cesarean sections on all animals
by 4 days postinfection, we may have interrupted pathways lead-
ing to further fetal lung injury, maturation, or repair with addi-
tional time in utero, which may also affect miRNA expression
patterns. The acute histologic changes seen in the GBS-exposed
lungs may be precursor findings that subsequently develop into
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the histopathologic findings of alveolar simplification and en-
largement characteristic of the new BPD after premature infants
are exposed to mechanical ventilation, hyperoxia, and/or sepsis
(56). Whether a more prolonged and/or increased inflammatory
response with bacterial invasion of the AF and fetal lung would
further increase the expression of miR-155-5p remains unclear,
especially considering the clinical spectrum of lung injury present
in preterm neonates born following maternal chorioamnionitis.

In summary, our results suggest that a choriodecidual GBS
infection is associated with increased expression of fetal lung miR-
155-5p, which is likely to have both beneficial and detrimental
effects (11). The ultimate effect of miR-155-5p expression on the
fetal lung inflammatory response and FGF expression may be con-
tingent on multiple variables, including the type and virulence of
the inciting pathogen, the duration of pathogen/cytokine expo-
sure, the maturity of the lung (the gestational age-dependent re-
sponse), and the location of the infection/inflammation (e.g., lo-
calized versus systemic). Our results add to the complexity of
pathways involved in fetal lung injury, which frustrate the efforts
to develop therapies aimed at preventing BPD. With no FDA-
approved drugs for BPD prevention being currently available, new
strategies capable of preventing BPD are needed (57). Future stud-
ies are required to determine if the differential expression of miR-
155-5p in the fetal lung or the lungs of neonates with risk factors
for BPD development may have a beneficial effect and could rep-
resent a potential therapy. This approach requires caution, be-
cause miR-155-5p expression may also lead to greater IL-6 and
IP-10 expression with the propagation of fetal lung injury.
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